• Fresnel reflectors radiation concentration factors can be increased by accurate design .
Nomenclature
mirror-receiver angle cross section area receiver's surface in contact with the fluid receiver's surface where radiation impinges window surface length of the si de of the square section of a prism mirror incidence angle distance from receiver's pole to center of mirror receiver diameter elastic modulus receiver surface effective emissivity window surface effective emissivity energy efficiency exergy efficiency maximum deflection of a beam with fixed ends total radiation intercepted by Fresnel collector zenithal angle maximum zenithal angle considered Fresnel receiver height moment of inertia receiver length quadratic term in a parametric expression Although most of current installed solar plants use parabolic trough collector (PTC) technology, linear Fresnel collectors arise with 12.9% of installed capacity [4] . However, it is still a developing technology, which far from its optimum design at current time. The structure of a CSP installation follows a well-established structure at conceptual leve) [5, 6] , but it has a large number of alternatives for that structure to be materialized into a specific plant. At first, a CSP plant has two main bodies:
• The Solar Field (SF) where the solar radiation is concentrated.
Part of such radiation is captured as useful heat, that drives to an enthalpy gained by the fluid (the Heat Carrier Fluid, or HCF). Such fluid plays a fundamental role in the performance of the plant and imposes important working conditions, such as the maximum allowable working temperature [4] [5] [6] [7] [8] [9] [10] [11] . The present study will mainly focus this part, following the concept of Advanced Fresnel reflectors with multi-tube receiver, developed by this team [5, 6] . • The power block (PB) which is the energy conversion unit, mainly based on a thermodynamic cycle. At present, water/ steam Rankine cycles fully domínate this field, with unitary turbine-alternator power in the level from 50 MW (electric) [12, 13] to 400 MW [14] . However, recent studies show that Brayton cycles could be developed for CSP applications, with appropriate values of pressure and temperature in the extreme points of the cycle, the hottest at turbine inlet, and the one with the lowest enthalpy at compressor inlet [15 ] . In addition, at current time other possibilities arise in the research field, such as Kalina cycles for low temperature [16] . Finally, sorne synergies are sough with solar power boost in a coal fired steam turbine [17] , osmosis desalination [18] and chemicalloop with gas turbines [19] .
The thermodynamic cycle selected for the plant sets up the parameters of the final use of the collected heat. Therefore, the optimization of the SF must take into account the features of the cycle, particular! y the range of temperature and how it affects the conversion efficiency. In this study, a commercial Rankine is assumed as PB cycle, with an efficiency of 60% of the Carnot half the zenithal angle thickness of the square section of a prism total radiation intercepted by troughs collectors environment temperature fluid temperature leaving the solar field receiver surface temperature receiver window temperature useful linear mass density integrated convection coefficient from the window to the environment transmission coefficient from the surface to the heat carrier fluid integrated convection coefficient from the surface to the window total linear load total linear weight of the beam linear weight of the beam efficiency (although actual efficiencies also depend on the number of turbine bodies and drains).
This research work is aimed at analyzing a Solar Field based on linear Fresnel reflectors array (FA) which have received so far sorne attention [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] but still have possibilities to be explored, to properly characterize their features for supplying steam at high temperature and pressure, either directly or through an intermediare fluid.
An FA is composed of unitary elements (as mirrors, their supporting structure, the structure of the receivers, schematically shown in Fig. 1 ). The objective is to identify geometrical and thermal designs with much less use of materials and similar performance level than the reference device, which is the PTC [33, 34] . Therefore, performance and costs of FAs are compared with PTCs in all sections of this paper.
lt is worth noting that the main cost component of a solar power plant is the fixed cost produced by the initial investment. Operation and maintenance are very modest in comparison, because fuel consumption to run the plant does not exists, and the energy needed for pumping the fluids in the plant is accounted for in the net power.
Therefore, the magnitude to be minimized is the total cost of the Solar Field needed to feed the thermal energy for a Power Block. Unitary costs ($/kg) of a given material are assumed to be known as boundary conditions established by the general market, because those products [35] [36] [37] [38] are structural steel, concrete, pipes and mirrors (which are mainly based on silver-coated glass). Minimizing the amount of mass (kg) needed to make a certain SF is the main goal of this study.
The selection of Fresnel arrays and multi-tube receivers, such as the one depicted in Fig. 2 , must be justified in terms of physical principies, before addressing a detailed analysis of the energy transmission and conversion chain, which must meet the requirements of an integral approach to feature the total system and its performance. Fig. 3 presents an outline of the methodology followed for this work.
Section 2 deals with CSP principies for converting solar radiation energy into enthalpy of the heat carrier fluid (HCF), where radiation concentration of FAs and PTCs [39] [40] [41] are considered. Section 3 is devoted to the characterization of radiation concentration from Fresnel arrays onto linear receivers, and Section 4 presents the results of captured energy (at a given temperature) for sorne selected heat carrier fluids (HCF) to select the best one for our goals. The plant layout and the assembling of all HCF pipes are treated in Section 5.
These sections of the paper are based on extensive numerical simulations of the performance of the different elements of the Solar Field, and their integration into a modular collector which is the modular unit of a full scale SF for a full scale power plant. Nevertheless, fundamental explanations are given on physical grounds, not highly accurate for calculations but useful for direct understanding.
Section 6 briefly presents the basic discussion on the structural analysis of the main components of the plant, and how to take advantage of the Fresnel simplicity to reduce the mass needed for reaching a given value of concentration or thermal features.
Finally, Section 7 presents a justified economic estímate of advanced Fresnel arrays with multi-tube receivers for a plant in the range of 50 MW (el).
These findings can be the base for the construction of sorne FA modules to assess this potential and the optical and thermal features which support it.
Basic features of linear receivers heated by concentrated radiation
A fundamental guideline for solar plants optimization is based on the temperature limitations in the critica! materials of the energy conversion chain, and the current temperature values for standard and advanced (but available) thermodynamic cycles, which must be properly combined. A key temperature is that of the radiation absorbing surface, T 5 • From said surface, heat should flow to the heat carrier fluid, which leaves the solar field at a temperature T¡, somehow lower than T 5 • T¡ characterizes the temperature of the heat source of the thermodynamic cycle, and therefore, the higher it is, the higher the efficiency.
Besides the former route of the energy conversion chain, there is the route of thermallosses, beca use a fraction of the impinging radiation, Qr, will go to the environment, Q,. In this route, the most critica! thermallink is the glass window covering the receiver container, which in our case can be described asan elongated box containing a bundle of pipes. The box is closed and strongly insulated around the bundle, except in the si de of the window, which must be very transparent for the incoming radiation and reflective for the outgoing radiation, and is characterized by a temperature Tw. The environment surrounding the receiver has a temperature Te.
There are severa! computer codes for studying and simulating the behavior of Fresnel concentrators and linear receivers [8, 9, 42] and many accurate results have been published so far, and will be presented later on for C0 2 as heat carrier fluid. Moreover, sorne specific installations as Puerto Errado 1 and 2 in Murcia, Spain [31] are directly generating vapor at 300 oc and are well characterized.
However, specific designs are not very suitable for having a broad view of the inherent features of the Fresnel reflector concentration model plus the multi-tube receiver. In fact, this broad and coarse analysis must also be useful for highlighting sorne relevant features of this type of solar field, namely the radiation intensity needed to reach a range of temperatures in the heat carrier fluid.
The first version of this analysis will be a thermal energy balance in the final section of the receiver, where the temperature of the absorbing surface, T 5 , must not exceed a limiting value (and it is assumed that it is just reached there). The model can be stated in terms of lumped parameters characterizing each important phenomenon, which are easily understood in terms of heat transfer mechanisms. Four temperatures represent the thermal state of the system at that point, namely T 5 , T¡, T w and Te. Heat transfer mechanisms to be taken into account in the balance are characterized by:
U¡= transmission coefficient from the tubes' outer surface to the heat carrier fluid, usually dominated by the convection coefficient inside the tu bes. It is related to a transmission surface A¡. Uw = integrated convection coefficient from the tu bes' outer surface to the window, applied to a surface Aw. Its value will depend a lot on the inner conditions in the receiver container. Uw will be very low (lower than 5 W/m 2 K) in evacuated containers, and much bigger than that val u e, in hermetic containers filled with gas at atmospheric pressure (around 20 W/m 2 K). Ue = integrated convection coefficient from the window outer surface to the environment Bs = the effective emissivity in the radiation connection between the tube surface and the window , which is strongly dependent on the surface coating. A good coating can reach emissivity values around 0.1 while an ordinary painting to withstand high temperatures can have an emissivity value of 0.4.
Finally, the window is connected thermally to the environment by convection, characterized by Ue and by radiation, with an emissivity Bw.
The balance can be written considering an impinging radiation flux ~ on a surface As.
Qt ·As= U¡ ·A¡· (Ts
A second balance clases the system
where rJ is the Stephan-Boltzmann constant, 5.67. 10-
In current coarse analysis we can consider all surfaces are equal (although a specific design could use cavity-type configurations for having Aw val u es larger than A¡).
The former model is easily solved, and its result mainly depends on the values characterizing the thermallosses mechanisms inside the receiver container. For the sake of pointing out the main facts, two extreme cases can be considered: the isolated container, with a low emissivity surface coating and an evacuated inner atmosphere; and the cheap container, with a standard quality coating typical of coal-fired plants and an inner container atmosphere filled with an inert gas (or maybe air) at 0.1 MPa. They are identified by the labels Low and High losses. 2 ). This fact clearly points out that Fresnel concentrators, which are not efficient for reaching concentration factors above 50, need high quality receivers in the sense of having a good surface coating and inhibited interna! convection.
Of course the former model is very limited because it works with lumped parameters. It has already been said that very accurate calculations can be done with numerical simulation codes, but it is very difficult to derive general guidelines from a number of specific cases. This is why it is advisable to identify the general trends with the close-to-physics model, and then calculate a number of cases accordingly.
The main general trend identified in our coarse analysis is that Low losses receivers (interna! convection coefficient lower than 5 W/m 2 K and small emissivity, of the arder of 0.1) yield very good performance with radiation intensities above 25 kW/m 2 K. It is not needed to go to 3 or 4 times this value, but slightly above, as 40 kW/m 2 K, which is something achievable with Fresnel concentrators. This is the second hint to reduce costs in solar thermal power plants.
Fresnel reflector features in concentrating solar radiation; a comparison with parabolic trough collectors
In the connection to the thermal problem of the receiver, the main magnitude is the intensity of the radiation impinging on its absorbing surface, which has been the main variable of our thermal simple model previously used to characterize the receiver. The linear integral of said intensity across the receiver is the linear power density, measured in kW per longitudinal linear meter ofthe receiver. While in parabolic trough collectors this value is clase to 5 kW/ m, in Fresnel receivers it is between 10 and 15 kW/m. This fact obviously means a shorter total length in Fresnel receivers than in troughs for the same power, beca use the surface of mirrors associated to a meter of receiver is larger in Fresnel. However, it is slightly less effective than troughs in optical capture of original solar radiation, as will be shown now. In this section an analytical study of the useful energy impinging onto the field mirrors is first carried out, and then the results of a Monte Cario Ray Tracing programs are given, PTCs being the reference in both studies.
Analytíc study of the spedfic energy reflected by the reflectíng surface
It is worth recalling that one-axis concentrators, also called linear concentrators, only concentrate the solar radiation components contained in the plane perpendicular to the rotating axis, which is fixed in the laboratory frame. The component along the axis obviously contributes to the definition of the real trajectories of the incoming and reflected rays, and have a strong influence in the so-called "end losses", caused by said axial component. Such longitudinal component is also negative in the sense that the distance traveled by the reflected ray is increased and, therefore, the beam is more spread when it impinges the receiver. Finally, the cosine factor is lower, which reduces the impinging energy per square meter of reflecting surface.
All calculations shown in this explanation are expressed in the plane perpendicular to the axis ofthe field, so-called the transversal plane. In particular, this is the case of the zenithal angle (angle formed by a ray from the Sun projected on said plane, anda verticalline in that plane).
In the numerical calculations presented afterwards, accurate values of the relevant coefficients will be u sed. For the introductory simplified model, mirrors' surface is assumed to be perfect, without inducing higher emittance in the sunbeams arriving from the S un, which ha ve a natural aperture of 9 miliradians.
The problem is therefore restricted to the geometric interaction of the solar radiation with the mirrors, which are tilted so that the reflected radiation impinges on the receiver. A PTC has the property of looking always to the Sun, and its aperture for capturing solar radiation is constant. This is so beca use the rotating structure includes both the concentrator and the receiver, which conveys more complex embodiments requiring rotating joints or flexible hoses in addition toa very heavy structure. On the contrary, a Fresnel array has independent structures for the concentrator and the receiver, and mirrors are chopped into stripes, where each one has a different tilt angle for focusing properly to the central point of the receiver. However, all mirrors rotate at the same speed, with different phases, ifthe mirrors are mounted correctly, in such a way that the axes of rotation coincide with a straight line ( usually, the central one) on the surface ofthe mirror [25, 40, 43, 44] . It must be said that this prescription is not met in sorne known designs of linear Fresnel reflectors, which introduces a decrease in the quality of the focusing on the receiver, but it is not a paramount effect for the problem under study.
The width of each mirror and the position ofits center (axis) can be optimized for a given latitude, using the height of the receiver as the reference. An important value to characterize a mirror field is the filling factor, i.e., the ratio between the total surface ofthe mirrors to the total surface occupied by the mirror field. In NorthSouth embodiments the optimum val u e of this factor is in the range 0.65-0.75. A higher factor conveys a very clase position between neighboring mirrors, which produces sizeable interferences of shading and blocking. Detailed information on the geometry of the Fresnel array can be found in the literature [25, 39, 31, 44] .
A first analytical exercise is the comparison between Fresnel and troughs in the first step ofthe energy chain, which is the interception of the solar radiation per surface unit of the mirrors. In a standard PTC with 5.76 m of aperture, the length of the parabola is 6.38 m, i.e., 1.108 times longer. The total energy intercepted by the collector must be calculated as the percentage of the solar energy impinging onto a flat square meter that is always perpendicular to the sun beam, which is the Direct Normal Irradiance (DNI). If the DNI is assumed to be constant ( equal to 1) along daytime (which is measured in terms of zenithal angle y in the transversal plan e) and the sun path is assumed to be always in the transversal plane, such value holds: J~;j; dy = n.
The energy impinging onto a PTC per reflecting surface square meter is, with an aperture of 5.76 m constant along the day:
Therefore, the interception effectiveness of the PTC reflecting surface would be:
The aperture of a FA will depend on the Sun position in the plane normal to the rotating axis, and we need to integrate on zenithal angle y, according to the geometry specified in Fig. 6 . In general, the angle ofincidence ofthe radiation in the left-hand-side mirror is (e -f3) and the angle for its symmetric mirror is (e + f3), where e= y/2.
The energy impinging onto a square meter of mirror along the day, F, can be calculated as the sum of energies impinging onto such mirror and onto its symmetric mirror at the other side of the receiver along half a day. Such value corresponds to One may observe that the value of the ratio fft is always above 0.9 if the distan ce from the FA mirror to the receiver is shorter than the height ofthe latter. Ifthe width ofthe FA mirror field is limited from -1 to + 1 in units of said height, the average ratio of effectiveness fft will be 0.97.
Thus, we might conclude that the effectiveness in the use of mirrors is approximately the same for FA and PTC if we do not consider the longitudinal component of the impinging radiation (the Sun was assumed to be in the normal plane, befare). However, such component plays a very important role in the actual results, Transversal distance to the receiver (-) Fig. 7 . Effectiveness of the reflecting surface for FA and PTC, as well as the ratio between such values, depending on the location of the mirror in a FA DNI is assumed to be constant. depending on the geographical position, as will be seen for two sites, in Spain and Egypt.
In addition, the DNI along the day is assumed to follow the Rigollier model [45] . For each instant of the year when the estimated DNI is above 600 W/m 2 the direction of the impinging radiation, and thus the orientation of the mirrors, are obtained. Such energy is weighted with the clear sky probability for the chosen locations. Results of reflecting surface effectiveness are given in Fig. 8 for the cases of Almería and Aswan.
One may observe in Fig. 8 that the longitudinal component of the impinging radiation affects more importantly to FAs than to PTCs. The reason comes from the total actual aperture of the FA, which is maximum at noon and decreases when the Sun altitude diminishes, while it is constant in a PTC. At noon the longitudinal component of the impinging radiation gets its daily maximum and thus FAs decrease the effectiveness of the reflecting surface more importantly. The foregoing argument also explains why the difference between PTC and FA diminishes in Aswan, where the latitude is lower than in Almería and thus, the average daily maximum of longitudinal component is smaller.
The mean values of the PTC and FA reflecting surface effectiveness are given in Table 1 . For FA such mean value depend on the width of the field, which is chosen 2 and 3 relative units (receiver height equal 1 ).
In this analysis, problems stemming from shading and blocking in FA have not been addressed, but they are actually marginal in well-designed mirrors arrays, with pitch between consecutive mirrors around 1.4 times the mirror width. PTCs also suffer shading effects between neighboring collectors, but no blocking due to the fact that each collector has its own receiver.
For example, distance between two neighboring trough collectors is typically 20.12 m in Spain, i.e. the field has a filling factor 28%. If this is the case, actual energy impinging onto the collectors would be reduced by 2.9% in Almería and 0.1% in Aswan. If the design requires a "compact" field, the distance between collectors could be reduced to 18 m, i.e. filling factor of 32%. Such field would reduce the useful energy by 4.3% in Almería and 0.3% in Aswan.
In FAs both shading and blocking processes are present. Shading effects occur when the Sun altitude is low, and thus one mirror is under the shade ofthe neighboring mirror. On the contrary, blocking process occurs with medium altitudes, when the radiation reflected in a mirror towards the receiver is first intercepted by the neighboring mirror. This process is typically present in mirrors far from the receiver. Fig. 9 shows the percentage of the mirror that is under the shadow or blocked by the neighboring mirror, assuming the width of mirrors and shift between them are the same as in the Fresdemo prototype.
One may observe that blocking is only present in the extreme mirrors, but during longer time than shading. The important factor for this study is the percentage of energy that is lost along the year due to both shading and blocking effects. A study has been carried out assuming locations in Almería and Aswan. In such study, two possible FA configurations are used: -Fresdemo prototype, with 25 mirrors, a relative total width of 2.63 anda filling factor of 71.4%. -Puerto Errado commercial plant, with 16 mirrors, field width of 2.24 relative units and filling factor of 69.2%. One may observe that, if the field is not very wide, there are no blocking effects no matter where the field is located. In addition, shading factors vary by one percentage point in average when the filling factor changes from 69% to 71%, which is an important change. Transversal distance to the receiver (-) Comparing these results with previous values given for PTCs, one may conclude that shading and blocking effects imply an extra loss of around 3-4% of the impinging radiation to Fresnel fields, which is not very important if it is considered that the filling factor is more than double. In addition, it must be taken into account that calculations were carried out for two existing prototypes, but those designs can be improved in the following optimization process. Even so, it can be stated that well designed Fresnel arrays have practically the same intercepting efficiency as PTCs thanks to the effect of having longer radius of curvature. Of course the quality of the concentrated radiation cannot be the same, beca use FA produces a wider beam at the receiver, but this fact can be compensated with a suitable multi-tube receiver design.
Radíatíon íntensíty dístríbutíon from Fresnel reflectors onto receíver surface
A key block to characterize the Fresnel performance is the one of "Optics", which must take into account the radiation reflection properties of the mirrors and their geometrical distribution, the sun-tracking ofthe mirrors to the Sun, and the concentration properties on the receiver. It is worth recalling that there is a variety of Fresnel array lay-outs and embodiments, but a general hint for North-South configurations is that the optimum ratio between receiver height and solar field width for horizontal receivers is 0.5 or smaller, and the filling factor is around 0.7 [9, 39] . This configuration implies high concentrations in summer, and low in winter.
East-West embodiments are better in that sense for mediumlow latitudes, as Spain, where maximum values of concentration could be the same along the year with a proper design. In such regions the longitudinal component for NS embodiments is very high in winter, which may drive to the stop ofthe field during long periods. In addition, EW orientation permits the use of very compact fields, with optimum filling factors clase to 1. It is worth noting that the longitudinal component of the impinging radiation with such configuration would be very important during the morning and afternoon, reducing the total energy impinging onto the mirrors along the year. This is especially important in low latitudes, where the longitudinal component in NS embodiments is very small at any time of the year (and this is the case for most of sunny places ). As a reference for analyzing the optical performance ofthe concentrator, we can use the concentrated radiation coming from a perfectly focused parabolic trough. Fig. 11 depicts the radiation intensity impinging onto the receiver, assuming it is flat and perpendicular to the Sun beam, during a spring day in Almería for a commercial PTC and a Fresnel field with the Fresdemo configuration. The width of the PTC collector is the diameter of commercial tu be receivers, 7 cm, while the receiver of the FA is around 30 cm wide. Results are given with a validated ray tracing model in Matlab, where 300,000 rays are sent every 6 min. Receiver angle (deg) assumed to have Buie distribution, which is the one that better fits experimental data published by Lawrence Becker Laboratory and DLR [46 ] , and the reflection on the mirrors produces an extra Gaussian error with a standard deviation of 5 milli-radian. Shading and blocking effects are considered in the FA case, but not in the PTC, as collectors are more spaced. Flux intensity is measured in the surface ofthe tube for a PTC andona flat surface for FAs; therefore, in arder to make a fair comparison the flux of PTCs should be multiplied by JI. At first glance one may conclude that PTCs achieve much higher radiation intensities (90 kW/m 2 vs. 55 kW/m 2 ). Therefore, the receiver should be designed to obtain higher HCF temperatures 19 18 é: with a better efficiency. This problem is solved with exergy-tuned multi-tube receivers [8, 9] . Multi-tubes Fresnel receivers heat the HCF progressively from the lateral tubes to the central ones, with increasing radiation intensities, and thus the maximum temperature that may be achieved is given by the radiation intensity in the central tube.
It results from the foregoing argument that we should compare the radiation intensity in the central part of the FA receiver with the mean radiation intensity in the PTC receiver. Such values, in addition to the mean radiation intensity in a FA, are given in Fig. 12 for the case previously depicted during a summer day.
One may observe that the mean radiation intensity in the Fresnel receiver is lower than half the mean intensity in the trough receiver. However, during most of the daytime (when both collectors receive a constant mean intensity) the radiation intensity in the central tu bes of the Fresnel receiver is higher than the average in the trough tube. Therefore, maximum temperatures achievable can the same, and with a similar efficiency, in both cases.
Another data derived from Fig. 12 is that the lineal power intensity of the radiation impinging onto the receiver is higher for Fresnel arrays. This is consequence ofthe higher mirror surface used in such field, with a width of 15m compared to 6.38 m in troughs. Mean radiation intensities are much higher in the PTC than in the FA (55 kW/m 2 and 25 kW/m 2 respectively), but the width of the receivers is also different (7 cm and 30 cm). Therefore, lineal power intensity in PTCs in summer is around 3.85 kW/m, while in FAs is 7.5 kW/m. In addition, it must be taken into account that the transversal size of PTCs has already been optimized, and larger collectors would in crease importantly the size of the structure. On the contrary, FAs are light structures than can be made larger, thus increasing the lineal power intensity and very likely reducing costs.
Linear receivers and heat carrier fluids
The linear receiver concept corresponds to a tube or bundle of tubes contained in an elongated box with a transparent window. The box can be: -open to air circulation, which conveys very low insulation quality, -almost hermetic, with inner pressure close to atmospheric one, -totally hermetic and evacuated, which implies the best insulation quality.
The receiver equations are:
-the enthalpy balance, integrated along the receiver's length; -the thermal transfer equation, already introduced in Section 3 ; -and the fluid flow equation, which is mainly governed by the pressure gradient created in the circuit by a pump or a compressor.
There are a number of computer codes for solving these equations applied to specific cases with great detail [8, 13, [47] [48] [49] and a couple of examples are given here to illustrate the thermal behavior of linear receivers under certain operation and boundary conditions. What matters in this context is to identify the features and trends of linear receivers operating in relevant conditions for getting the highest achievable exergy value in the HCF, which can be solved by minimizing entropy generation in the thermal interaction inside the receiver. The solution to this problem is based on a progressive capture of the radiation intensity, from outer to innermost stripes of the receiver, which in this case is nota single tu be, but a bunch of parallel tu bes (see Fig. 2 ) with chosen diameter, to establish the required fluid mechanics regime, and therefore the convection regime which transfers the radiation heat into the HCF.
In the case of single tu bes, the only degrees of freedom are the diameter and length of the tube, which are not independent, because they are connected by the governing equations. However, those equations are self-consistent and sorne of the coefficients depend on the results, which make iterations necessary.
In the case of various tu bes, the number of degrees of freedom increases, and the trajectories of the fluid inside the tu bes, going forth and back inside the container [43] , is a good too! to minimize exergy losses and to accommodate tu bes dilatation within the container. Moreover, the multi-tube configuration also presents the advantage of reducing quite a lot the length of the collector module. This fact is related to the ratio L/D, L standing for length and D for tube diameter. Note that the actual linear power density in a tube is the receiver linear power density divided by the number oftubes (in average). This is a too! which can be used for increasing the convection coefficient, although it has the drawback of increasing the pressure loss, as will be seen later on. Before that, a comparison has been carried out on a single tube receiver to characterize severa! Heat Carrier Fluids. In such model it was assumed the tube to have an inner diameter of 6.5 cm, to be 100m long, and with an inner surface roughness of 60 microns. The power carried by the fluid is 350 kW.
The comparison was made with the following fluids: C0 2 , (at two different pressures), a molten salt (Hitec), waterfseam, anda molten eutectic made of lead and bismuth (PbBe ). Results are given in Table 2 with the following conditions: -Inlet temperature (except for waterfsteam) = 250 oc. -Outlet T (except for waterfsteam) = 400 oc. It is worth commenting on the results ofthis exercise characterizing the cooling and mechanical properties ofthese coolants. Molten metal (PbBe) and boiling water have the highest convection coefficient, but they also present important drawbacks in other aspects of the plant. In particular, steam cannot be stored easily. In fact, the best storage media [50] [51] [52] [53] [54] [55] [56] [57] [58] seems to be molten salts, but pressurized water reacts very strongly with molten salts if a small accidental contact happens. Molten metal can be stored as such, but corrosion and chemical compatibility are main questions in this case, as pointed out in experimental programs ofthe nuclear industry. Molten salts have the risk of freezing, which seems avoidable in insulated tanks, but it is actually riskier in the receiver tu bes. Oil has a modest convective coefficient, but the risk of freezing is very small, and the required pumping power is also low. It has however, a low maximum allowable value in temperature and a high risk of tire, and it is not used as thermal energy storage because of the tire happened at SEGS-1 plant in California. An intermediate heat exchanger is currently used to transfer heat to the molten salt used for storage, but it can be recalled that an accidental contact between both fluids can produce a strong outburst and can set tire in the oil circuit. Last but not least, COz has the drawback (as any gas) of requiring very high pumping power, although its value decreases as pressure increases. For an ideal gas (which is not the case for COz) pumping power decreases with pressure squared. So, increasing pressure a factor 2 conveys a power reduction by 4 [34] . In the example ofTable 2, going up from 50 to 100 bar in pressure produces a decrease in pumping power from 6 kW to 1.32. The latter represents 0.4% of the thermal energy carried by the coolant, which is a perfectly acceptable value for a power plant. Of course, another drawback of gases is that they can escape from the tubes through discontinuities such as the rotating joints of troughs, which happened in the PTC pilot plant in PSA (Almeria, Spain) [33, 34] . It goes without saying that an inert gas as COz does not react chemically with molten salt in a violent way, and compact intermediate heat exchangers can be used for feeding the thermal energy storage. It seems that all drawbacks of COz as HCF can be ove reo me, and there is an important feature that must be protited, namely, the possibility of reaching higher temperatures than the limitation of synthetic oil, which is around 390 oc for Therminol VP1 [13 ,59] . However, with similar tubes and coatings, which withstand up to 500 oc, COz can attain 480 oc [34] . The maximum temperatures of the steam generated from the heat of a given solar tield can be estimated in 370 oc for oil and 470 oc for gas; which convey Rankine cycle efficiencies of 36.5% and 40.5%, which is an additional advantage for costfperformance reduction. Note that a higher efficiency implies a smaller solar tield, for the same electric power. Of course, pumping power consumption must be subtracted from the former gross efficiency, but even so it can be estimated that a given power plant with a solar tield of PTC with oil would require a solar tield 10% larger than the same electric generator with a FresnelAdvanced solar tield with COz.
Figs. 13 and 14 show sorne relevant information about COz as heat carrier fluid. In the former, the effect of increasing the tube diameter is very strong for reducing pumping power, but at the same time it has very negative impact on the tube temperature, because the temperature jump from it to the fluid increases a lot. Fig. 14 depicts the output of a simulation, where it has been assume that the tu be is of type NPS2 Sch. 80, which corresponds to an inner diameter 49.26 mm, and the inlet pressure of the gas is 1 O MPa. Series 1-4 correspond to mass flows of 0.6 kgfs, 0.8 kg/s, 1.0 kg/s and 1.4 kg/s. The efficiency in transferring the impinging radiation to the HCF is depicted as a function ofthe outJet temperature, for different working conditions of the cooling gas. It can be seen that efficiency decreases as the HCF temperature increases, but a gas temperature of 475 oc is achievable with an efficiency of 80% (with the highest gas flow rate; series 4 - worth pointing out that a wrong selection of the gas flow rate would reduce enormously the receiver thermal efficiency.
Solar field layout and plant size
A solar thermal power plant is typically made of a central power block surrounded by the Solar Field (SF) which has a modular structure, where the unitary module is the lattice cell of the system. Although the plant pumping power and the overall performance will also depend on the overall geometry, the lattice module contains the main elements of the SF and represents a very high percentage of the cost.
The methodology followed in this work is to identify an optimized design of the module according to the principies of the Optical and Thermal analysis. This task implies to select specitications for each of the components of the energy transmission chain according to the qualitative analysis guiding each of the chain steps, and carrying out detailed calculations for properly characterizing a given design. The final integration into a plant will be u sed as an assessment for reconsidering any of the options chosen, which eventually can be modified for having better fitting with the connecting links of the energy transmission chain. Once the module and the plant designs are finalized, we must make the structural analysis and the economic study for calculating the cost of the plan t. The objective is to keep the design very clase to the optimum optical and thermal state, with the mínimum cost, which is usually oriented by the mínimum complexity and the mínimum amount of material needed to build it.
In the plant integration process, a fundamental specification is the nominal power of the thermodynamic cycle, which also has a strong influence on the cost. Another important specification relates to Thermal Energy Storage (TES). At current time molten salts are the main technology to store solar thermal energy. This is normally done with to big containers, one with hot salts and the other with relatively cold salts, which often drive to corrosion issues [60] . Alternative solutions may be found in the literature, such as a double leve! thermal storage [61] and thermocline storage one only container [62, 63] . In addition, important efforts are being made at current time in arder to find mol ten salts with lower mínimum temperatures [64] : it has been observed in previous figures that the thermal efficiency of the receiver decreases as the inlet temperature increases; thus, the mínimum storage temperatures should be reduced in arder to increase thermal efficiency.
A decision must be made about including or not TES in the plant, and a second decision is about the size of the TES, which in turn has an influence on the size of the Solar Field. It must be recalled that the larger the TES the larger the SF. This is usually defined by the so called Solar Multiple, which is the ratio of the actual SF size to the size needed to generate the thermal power to feed the power block in nominal conditions. For our current purpose, it is enough to know the nominal power and the SM value.
In our optical and thermal optimization, the final result is a module designas the one depicted in Fig. 15 , including a mirror array with a half-width equal to the height of the receiver.
Mirrors are represented at 1.5 m o ver the ground, and the receiver is 1 O m over the mirrors axes. The total length of the collector module is 100m, but it is split into two halves, and the tubes are inside a long box hanging from an upper double truss which is supported by 10 archs, or pillars. Nevertheless, those numbers must be reviewed in the structural analysis.
Another salient feature of Advanced Fresnel is that they can be placed in a very compact configuration, because the optical interference between parallel modules is rather small. The pitch between centerlines of FA collectors can be as small as 1.1 times the width of the collector field, while this value is around 4 in PTC plants. This is important not only for a smaller use of land, but for the shorter distances of the HCF from the collector to the central power block and back. 
M1rror p1llars
Such distances are especially dominant in pumping power losses, which increase more than linearly with the plant nominal power. On the contrary, the specific investment cost of the power block decreases dramatically with the nominal power, as shown in Table 3 , which is an estímate on steam turbines in general, not only for solar thermal plants.
Currently built units are in the range of 50-300 MW. For instance, SEGS IX is a PTC plant with a nominal power of 80 MW [65] .
We will use that nominal power as a reference, and will use the former numbers we have identified for troughs and Fresnel plants, taking into account the difference in heat carrier fluid temperature and so forth.
For a PTC, according to the ratio obtained in former section, the thermal power required for the nominal case would be 264 MW; and presuming a linear power density of 4 kW/m, the total collectors' length would be 66 km. We must include a Solar Multiple value, and we select SM = 1.21 without Thermal Energy Storage, so requiring a total length of 80 km.
In a Fresnel Advanced power plant the nominal thermal power would be 3 times 80 MW, which gives 240 MW. Presuming a linear power density 9.5 kW/m, we need 25 km of collectors, with amirror field width of 20m, anda filling factor of 0.7, with a pitch of 22 m between parallel receivers. We must add the Solar Multiple effect to the previous numbers, and therefore the total collectors length would be 30 km for yielding 285 thermal MW (the collector width and pitch are not changed) and the totalland use goes up to 660,000 m 2 , which can be accommodated in a square of 820 m side. The distance to be covered by the connecting pipes will be roughly proportional to that value, which is again an advantage for Fresnel arrays. It is also important to clarify that the mirror field is not fully covered with mirrors, but just a fraction of it (the so called filling factor) which is clase to 70%. If mirrors are 1 m wide (in average) there must be 14 lines of mirrors per receiver.
It is important to underline that the total collector length in PTC is 2.65 times as long as in FA fields. This is also of great importance for cost reduction. Moreover, FA seems to have fewer problems for going to high unitary power, which implies smaller specific cost in the power block. Moving from 50 to 100 MW represents a reduction from 400 US$/kW to 250, which is a substantial change. The decrease in cost can be estimated in 60-65% when doubling power. Besides that, Fresnel modules can grow to higher receivers and 
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In & Out P1pes Fig. 15 . Vertical outline of a prototype of advanced Fresnel array with multi-tube receiver (not to scale; see numbers).
wider mirror fields, which is a subject still to be studied for reaching a better optimum in Fresnel performance. A simple configuration ofthe FA plant is shown in Fig. 16 , where each lattice cell is 100m wide and 110m long, and hosts 4 modules (unless one ofthe modules is removed for placing a decentralized TES).The central four ce lis are reserved for the central TES and the power block. Overall piping can be made from each lattice cell, either to the central block orto the auxiliary TES, because thermal energy storage is embodied in the plant at two levels, and they could be managed to satisfy both the externa! needs of the customer, and to minimized the cost of electricity by getting better operational results.
Last but not least, there is a tendency to disregard the use of land in solar thermal energy economics, and this is not wise, because most of the promoters have a limited size in the estate they can devote to build a power plant. In that case, FA offers the possibility to reach higher power, with the corresponding benefit in the power block cost.
Solar field components and structures
Structural analysis is also a fundamental part of the methodology, with two levels of tasks: the conceptual discussion Lattice cells 1 00x11 Om 4 modules of 0,8MW \ \ g for guiding the optlmlzation process, and the accurate calculations once the design window has been properly narrowed. Befare stating the analysis at the conceptual leve!, it must be pointed out that there are two independent bodies (concentrator and receiver) and each of them has two types of components:
-the essential parts (mirrors in the concentrator; tubes in the receiver) -and the supporting parts.
Additionally, the supporting parts are composed of suspended bodies (beams, truss) and pillars. The goal in this section is to find the cheapest structure to hold the essential parts. Befare making the economic estímate, including unitary prices of materials and so on, a mass accountancy will be made of all materials needed to make the full assembly.
In the concentrator, the mirrors are supposed to be 1 m wide and 0.2 cm thick, with a linear weigh of 50 Nfm. Supporting transversal frames are obviously needed to fix the mirrors to the axial beam, but it is worth noting that the mirror glass is a stiff body (asan eggshell) and therefore the frames should not be heavy; thus a linear weigh of 10 Nfm is enough. once the shape of the structure is fixed. As this deflection should be limited because of the stiffness needed in optical geometry for getting high radiation concentration val u es, this equation is a guide for defining the size of the supporting structures, and therefore their masses. If the beam is assumed to be a hollow prism with a square cross section of side "b" and thickness "t", and the maximum deflection is limited toa value (for instance f/L = 0.002 radians) the former equation can be solved with standard values of b and t for an overweight of 60 Nfm. Note that a hollow prism has the following cross section surface A and moment of inertia I
A=4·b·t-4·t
The beam equation for a usefullinear load u, with a maximum deflection of 0.002 radians becomes The optimum distance has to minimize the total value of the structural materials, including pillars. Note that the pillar weight typically has two components; a fixed term (independent on L) and a quadratic term (depending on L 2 ). When that weight is accounted for in terms of linear weigh, and standard values are chosen for the four legs of each pillar and the transversal rigidity plates, plus the foundation plate, the equation to be minimized is the total linear weight Y, which can be expressed as and the optimum value of L is given by
For the mirror array already introduced, these coefficients have the following values: p = 1 Nfm 3 ; q = 2 N/m 2 ; r = 300 N; which gives the value L = 5 m, which represents a linear weight of 25 N/ m for the beam, and 70 Nfm for the pillars and stiffness structure (and it is worth recalling that the mirror and frame linear weight was fixed at 60 N/m). Of course, this is applied to each linear set of mirrors.
Similar calculations must be done for the receiver, although the pillar weight is almost independent on the distance between pillars, because it mainly depends on the receiver height, and can be estimated in 2200 N. The linear weight ofthe supported components is much higher than that of a mirror line, and it depends on the specific structure of the bundle of tu bes. A representative val u e is 600 Nfm, including tubes (400 Nfm), glass (50 N/m) and container (150 N/m). The receiver is considered to hang from a couple of parallel beams, or a truss, which can deflect 0.005 radians (as design value) and has a linear weight of 100 Nfm. The total linear weight ofthe receiver must include the pillars, which have a linear weight equal to the total weight divided by L. The unknown Y is expressed as It must now be remembered that for the same electric generation capacity, Fresnel receiver length is shorter than the PTC receiver by a factor 2.65. In previous section it was calculated that a PTC plant of 80 MW-e (nominal) with a SM of 1.21 requires 80 km of collector, while a Fresnel plant would require 30 km. This fact also has an impact on the concrete needed for the foundations of the structures of each plan t. In the PTC case there will be 6600 foundations thick slabs, totalizing 13,200 tons. In the Fresnel plant there will be about 3000 mid-size foundations slabs amounting to 4000 tons and clase to 60,000 minar slabs (25 kg each) amounting to 1500 tons, which means 5500 tons of concrete in the Fresnel plant. A coarse but comprehensive comparison is given in Table 4 , where a qualification has been given with relative points depending on the cost ofthe material: Structural steel = 1; Stainless steel = 6 for PTC evacuated tubes and 5 for tubes without individual glass envelope; Glass = 6; Concrete= 0.5, including dvíl work and assembly.
The outcome ofthis exercise is that Fresnel solar fields can capture the solar heat for generating a given leve! of power with a cost roughly estimated in 2/3 of the cost of PTC plants.
Jable 4
Comparison between PTF and Fresnel plants in the solar field). 
Plant economic study and summary
The Fresnel-based module we have introduced and defined is the basic unit of the plant solar field, which is a macro-structure where distances should be minimized. The propasa! we presented is a square lattice layout, thermally feeding a BOP with a Rankine cycle. Steam can be generated either directly from the COz or in saltfwater heat exchanger, although this alternative conveys higher risks because of accidental interactions between both substances.
Another important features that should be studied for any site suitable for solar applications is air-cooling, without water consumption, although it entails a reduction of 0.7% in efficiency (in absolute terms) induced by an increase in cooling temperature of 1 O oc. This technology of dry-cooling refrigeration can be improved by storing "cooled water" chilled at night [66] . Indeed water consumption can be a very important operational cost, because in sorne sunny places it is much more expensive than energy.
Our cost estimates will mainly focus the investment or fixed cost, and will be based on unitary costs for standard industrial construction in Spain, except for the receiver tubes, which are very specific. It cannot be admitted that structural steel, which has a total cost (including assembly) of 5 E/kg in general industrial applications, becomes more expensive just for the reason of being applied to solar thermal installations (see Table 5 ).
The plant will need 300 of these modules to have a totallength of 30 km, which makes a total solar field of 105 ME. The Power Block (BOP & Electric equipment) must now be added, which can rated at 500 E/kW (electric) so amounting to 40 ME. It must also be added a general account for the Land, Engineering, Permits, Taxes and so on, which can be estimated in 25 ME, which makes a total investment of 170 ME. This is a specific first cost of 2.15 E/ W(e), which is a good target for solar thermal current development.
Ifthe life ofthe plant is taken as 15 years (in present worth) the fixed cost would be 11.33 ME/year; and presuming 2200 equivalent hours in the operation of the plat, the annual production would be 176,000 MW h. So the specific fixed cost would be 65 E/MW h (6.5 c€/kW h).The total cost of electricity would have to include Operation and Maintenance, including component replacements, which is of the arder of 20% of the fixed cost, so amounting to 80 E/MW h, which is el ose to competing with classical sources of electricity generation [35] .
These estimates are based on the concepts and numbers explained along the paper, where optimization of a Fresnel Advanced power plant can be devised with the following data on efficiencies of the energy conversion chain, obtained from results that follow studies made in Sections 2-4:
Optical annual useful efficiency = 62%. Thermal capture efficiency = 78%. Cycle efficiency (minus self-consumption) = 39%. Overall (yearly integrated, solar to electricity) = 19%. These values characterizing the energy transmission and conversion chain are somehow better than currently published data on Fresnel performance [67] what can be explained by the optimization process started after finding an appropriate heat carrier fluid (COz) without the strong limitations of other material, including waterfsteam, which is the fluid selected in said Ref. [67] .
These values on the energy chain and the related investment cost are the main conclusions from this work. However, these results are expected to be improved with future work, particularly in the case of finding means for building a prototype to check the optical and thermal performance of different materials. This prototype would be based on the sound and comprehensive analysis presented in this paper, which mainly is the outcome of a systematic research exercise to feature properly the full energy conversion chain, from optics to thermodynamic cycles, with special emphasis in collecting the solar heat with the highest possible exergy and the simplest possible mechanical structures.
